second, non-inhibitable and non-saturable, component was apparently present; addition of a linear term in [S] was more appropriate for their data [4, 51. Eqn. (2) is also applicable where permeation of solute into the extracellular space has not been corrected for by use of a marker [e.g. 61. In other instances, eqn. (3) appears to be more appropriate, and this is often interpreted in terms of two independent carriers operating in parallel [7, 81. In a survey of published data on intestinal absorption, we noted that eqn. (1) was often more appropriate than eqn. (2) or eqn. (3), although the fit was often rather poor; however, there were clear exceptions [ 11. Inhibition equations analogous to those used in enzyme kinetics are also often used to characterize interactions between substrates that may compete for common carrier sites [21.
Originally, graphical analysis was used [2] , but better methods, including non-linear regression and non-parametric methods, have now become available, and the linear forms of the MichaelisMenten equation have now become somewhat discredited [91. Aspects of kinetic analysis that need special consideration are: (i) methods for curve-fitting and parameter estimation, (ii) assessment of goodness of fit and selection of "the best-fitting model", and (iii) the design of experiments that will facilitate (i) and (ii). We cannot be comprehensive in a brief review, but we aim to illustrate at an elementary level the scope of kinetic analysis, to draw attention to some procedures that are not as widely adopted as they perhaps should be, and to emphasize some of the pitfalls. We do not discuss experimental methods, but it must be remembered that good data analysis cannot compensate for poor experimental design or execution.
Competition and inhibition studies
Studies on the mutual inhibition by two substrates of each other's transport provide the main approach to test whether both substrates share a common carrier site and, if so, whether a second transport mechanism operates for one or both substrates.
If two substrates share a common carrier site, then each should behave as a competitive inhibitor of the transport of the other. Further, if only one carrier is involved, the inhibition qonstant, Ki, for a substrate acting as an inhibitor of transport of another substrate should be the same as the K, for its own transport [2, 101. If K, # K,, then a second transport mechanism is probably present.
For a one-carrier system with inhibitor (I) Where there is doubt whether the behaviour of a competing or inhibiting substrate obeys rigorously the criteria for competitive inhibition, the common carrier-site hypothesis must be rejected as there are alternative causes of mutual inhibition (see below).
Unstirred water layers
Probably the greatest single obstacle to valid experiments arises from the 'unstirred layer'. Whenever cells are exposed to an incubation or perfusion medium there is a relatively stagnant layer of fluid adjacent to the cell surface. Inevitably, the absorption of solutes leads to the solute concentration in this 'microclimate' being lower than that in the bulk fluid. The consequences of this are crucial, since the composition of the fluid in contact with the membrane is unknown. The effective thickness of this layer can be decreased, but not eliminated, experimentally by shaking or stirring in incubation experiments 114-171 or by a 'segmented flow' in perfusion experiments [ 18-191. Unless one of these technical manipulations is adopted or allowance is made mathematically for the unstirred layer, kinetic analysis may be seriously invalidated. Diffusion through the unstirred layer may even become rate-limiting, in which case the kinetics of transport will not give any information about the membrane transport step. Although this phenomenom is widely recognized, failure to take it into account degrades the reliability of much work. The unstirred layer may well be responsible for the disquieting variation in kinetic parameters reported between laboratories and for the conflicting data on the variation in K, and V,,,,,. between different regions of intestine. The classic paper by Dainty & House on unstirred layers in frog skin is of interest 1201; Levin gives an excellent brief account with references relating to intestine 1211.
The simple analysis by Fisher (221 has been considerably extended, notably by Dietschy and co-workers 123-251 and Winne 126-301, who have derived complex equations that are, nevertheless, approximations. It should be noted that the effective thickness of an unstirred layer depends not only on the physical properties and velocities of the solution but also on the diffusion coefficient of the solute [201. The situation in the intestine is particularly complex, owing to the convolutions (hence the unstirred layer cannot be uniform [301) and also to the presence of mucus, which affects the effective 'resistance' of the unstirred layer. Because the basic MichaelisMenten equation is invalid in the presence of a significant unstirred layer, it follows that all the linearized versions of it are also invalid.
Model or curve fitting

Initial inspection of data
It is helpful to plot and inspect the raw data, although this is very unlikely to give any clue as to which equation is best. A hyperbola flattens out only at very high concentrations, many times the K , value. Thus at [Sl = 5 x K, the rate is still only 83% of V,,,.. Hence More complex equations have been fitted by various 'replot', 'peeling' and 'alternating' methods, all of which require straight lines to be fitted. Thus linear regression is necessary for these, and it is essential that the regressions be correctly weighted-a point frequently ignored. 
Non-linear regression
Simple and attractive as the above methods based on linear regression seem, it has been shown that more reliable values for most models are obtained by non-linear regression, where all the parameters are estimated simultaneously [9, 45, 46, 49, 501. Cornish-Bowden 191 goes so far as to state that 'for definitive work it is unwise to use any plot, linear or otherwise, for estimating the parameters .. .' and '.. . the continued widespread use of the Lineweaver-Burk plot is evidence of the laziness of the majority who cannot be bothered to discover the most basic information about data analysis' ! Neverthless, linear plots are useful for obtaining initial estimates of parameters. Also, they may show departures from linearity that should cause one to reject forthwith the model in question, although the converse, an apparently straight line, is not strong evidence in support of a model.
The general strategy for non-linear regression [5 11 requires initial estimates for the parameters from which an initial sum of squares of residuals is calculated. A second set of parameters yielding a smaller sum of squares is calculated, and these values are used in a second cycle of calculations; the whole process is repeated until the sum of squares is a minimum and there is no further change in the parameters. Many methods are available for these iterations [521. The simplest in concept are the search methods in which many sets of parameter values are searched systematically in order to find the set giving the minimum sum of squares. The 'Simplex' method [531 is the one most widely used. There are also many methods based on a Taylor expansion of the function in terms of both the initial estimates of the parameters and the first partial derivatives of the function with respect to the parameters. , now becoming the most frequently used one, combines the principles of both the Taylor expansion and the gradient methods. Note that no one method is of universal application and, when complex models are being fitted, it may be necessary to try several methods in order to find a satisfactory one [ 601. Non-linear regression is versatile in that it can be used for a wide variety of complex functions; several methods are particularly easy to adapt for different equations, including integrated rate equations.
Error structure and weighting
Two fundamental requirements for all leastsquares methods are (i) the data error must be normally distributed and (ii) the variance at each data point must be known and the regression weighted accordingly, i.e. each point should be weighted by the reciprocal of its variance. If the regression is performed with incorrect weighting, as often is the case, then this introduces bias into the values estimated. Cornish-Bowden [9, p. 18 11 gives an example where a Michaelis-Menten equation was weighted (i) assuming constant variance and (ii) assuming variance proportional to u. The two fitted curves look almost identical, but V,,,,,, and K , differed by 28% and 43% respectively. Surprisingly little is known about the error structure (i.e. the distribution of the error and how it varies as a function of the dependent variable) of intestinal transport data, although the situation is slightly better for enzyme kinetics [61-641 and immunoassays t651.
Another problem arises when a data point is an 'outlier', i.e. produces a residual that is significantly larger than its fellows. Least-squares methods are sensitive to outliers because they make a large contribution to the sum of squares of residuals. It is tempting to reject such values, but, since occasional outliers are present in a normal distribution, this must be resisted unless they are definitely caused by experimental mistake.
Robust methods
There is increasing interest in 'robust' methods for curve fitting, i.e. ones that are tolerant of unknown error structures and the presence of outliers. The best-known example is the nonparametric method of Eisenthal & CornishBowden for the Michaelis-Menten equation [ 66, 671. A non-parametric method is also useful for fitting a straight line [401, especially where both variables are subject to error [421. Although the same approach can be extended to some more complex models, it is not always successful [ 1 11. Other robust methods include M-estimation [ 68, 421, the jackknife [42, 691 and bi-weight regression -170, 711; these are based on leastsquares methods. It is claimed that they may protect against outliers or wrong weighting, but more work is needed before any of them can be recommended.
ConJidence limits of estimated parameters
All programs for least-squares methods should be able to calculate a variance-covariance matrix. Provided that the errors are normally distributed and that the sum-of-squares contours are elliptical near the minimum, then approximate standard errors for each of the parameters can be calculated from this matrix (see, e.g., 1551). However, if these assumptions are invalid, the standard errors are seriously in error (see, e.g., [721). Therefore these standard errors give only a rough guide to the precision of parameters and should not be used in statistical tests. The only reliable way to obtain confidence limits is to perform replicate experiments each giving an estimate of the parameters. Then confidence limits can be calculated, preferably by a nonparametric method so as to be independent of outliers or a non-normal distribution of the parameters [ 73 1.
Testing the adequacy of a model
Tests for goodness off7t
There are many simple qualitative tests available, and it is surprising that few people use them routinely. It is valuable first to plot the data and the fitted curve in order to visualize 
Comparison between models
The fit of two models can be compared by the information obtained from the several individual tests for absolute goodness of fit. However, it is better if the models can be compared directly. 
Design of experiments
Experimental design should include the deliberate selection of the particular concentrations of substrates, inhibitors etc. that best enable one either to discriminate between two rival models ('discrimination designs') or to estimate a parameter within given precision with the minimum number of experiments ('estimation designs'). 
Estimation designs
The most common method minimizes the determinant of the variance-covariance matrix ('D-optimization criterion'). The method shares the assumptions and limitations of least squares and, for non-linear applications, is dependent on prior estimates of the parameters. Thus it provides guidelines rather than rules for experimental design. The most efficient designs require, for n parameters, that replicate measurements are made at n sets of concentrations. Good examples, both from enzyme kinetics, are given by Duggleby [891 and Endrenyi [901. Duggleby also shows how 'D-optimization' can be used with non-parametric methods and how to calculate the minimum number of replicates required [89l.
Software available and implementation
Non-linear regression is widely used in enzyme kinetics, and its advantages are now being exploited in a number of laboratories engaged in transport studies (see, e.g., [ l , 78, 91, 921 
Limitations of kinetic analysis
Although kinetic analysis can help to resolve the questions outlined in the Introduction, its pitfalls and limitations must not be overlooked. Whereas these do not necessarily negate the value of kinetic analysis, they do emphasize that kinetic parameters must be interpreted circumspectly. Whenever possible this approach should be used as a complement to other methods rather than relied upon solely. It must be recognized that some plausible models of transport are probably not amenable to kinetic analysis. For example, if amino acids were transported by many multiple carriers with overlapping specificities, this would not necessarily be deducible from kinetic data.
Unstirred layers
The unstirred layer, if neglected or accorded only lip-service, can seriously bias results (see above).
Non-uniqueness of models
A major weakness is that two or more quite different models often appear to fit well to the same data: this emphasizes the need for rigorous tests for goodness of fit. We previously discussed an instance where a single Michaelis-Menten, a Michaelis-Menten plus linear term and a double Michaelis-Menten equation could give curves so similar that it would probably be impossible to distinguish between the three models even with very precise data [381, and we have often seen this phenomenon in data from various laboratories. Also, Paterson, Sepulveda & Smith initially found all three models to be good fits for their data on amino acid absorption, and warned against the use of kinetic analysis to support one or other of the models [781. However, they then examined the goodness of fit more objectively and became able to reject two of the potential models. It must be stressed that, if 'the wrong' model is fitted, the parameters obtained bear no relation to 'the true' ones: hence the consequences of fitting a 'wrong' model are serious.
Initial or steady-state rates?
Strictly, the Michaelis-Menten equation and its variants apply only to initial rates of transport, corresponding to unidirectional flux [2, 10, 981. In incubation experiments, many workers test the validity of this assumption by comparing parameters obtained from experiments of, e.g., 1 min and 2 min duration (see, e.g., [61) . Perfusion experiments yield steady-state rates, the full kinetic analysis of which is theoretically very complex.
Interpretation of interactions
Although it may appear that one substrate competitively inhibits absorption of another substrate, caution must be exercised before this is interpreted as evidence for binding at a common carrier site. Thus substrates may compete for energy supplies for their, transport; a substrate can alter the transmembrane potential, which in turn affects the transport of all other charged substrates [e.g. 991; likewise, a substrate may alter the microclimate pH, which in turn affects transport of other dissociable or associable species; alterations in fluid movement caused by one substrate may in turn affect transport of other substrates (see, e.g., [ 1001); interactions of an allosteric nature may occur and, then, the whole membrane should perhaps be regarded as a multi-carrier complex. Allosteric interactions are one explanation of 'mixed-inhibition' kinetics (see, e.g., [ 101-1031), but see reference [991. Hence, before competitive inhibition is claimed, membrane-potential and water-flux effects must be eliminated; then kinetic analysis must use strict criteria to prove that the V,,,, is unaffected by the inhibitor.
Interpretation of kinetic parameters
Kinetic analysis is a very indirect method, and transport is a complex multi-stage process that may involve binding and translocation and at least two membranes plus a paracellular route: thus considerable caution is needed in attributing physical interpretation to kinetic parameters. In particular, K , must not automatically be regarded as an inverse affinity constant for carriersubstrate binding; this approximation would be valid only in the special case (which cannot readily be identified) where there is a single rate constant for translocation and it is negligible relative to that for binding. Hence Riggs argued that K , should be regarded as no more than 'a constant of convenience' [ 1041. Likewise, k, must not be interpreted as a diffusion constant: Christensen & Liang provide an example where k, showed structure specificity, a high Q,, and a pH-dependence, properties inconsistent with diffusion [ 1051.
Heterogeneity of tissue
A further problem arises because the absorbing cells of the intestine themselves constitute a heterogeneous population. Cells at different heights on a villus are at different stages of maturity; also, there clearly are functional differences between regions of intestine. Thus, though transport kinetics at a particular locus may conform to one of the above equations, it does not follow that the overall process will do so. 
Practical aspects
Studies in which both mucosal and serosal surfaces are exposed to a single incubation medium pose a special problem, since these two membranes are functionally different, and the assumption that access to the serosal membrane is negligible during a brief incubation is not necessarily proven. Further, overall uptake of solute into the tissue ('accumulation') includes entry into both cells and extracellular spaces; correction for the latter can be included in the kinetic analysis (see, e.g., 16, 1061) (in which case information about any linear component of entry into the cells is lost) or can rely on extracellular markers provided that their use is properly validated. It must also be noted that experimental manipulations producing cut cells or temporary hypoxia can affect transport activities in vitro. The kinetic parameters reported for particular absorption processes vary widely among laboratories, and the differences are often so large that one must question whether the kinetics reflect the characteristics of a physiological process rather than those of the experimental system. Some variability can be attributed to differences in technique; for example, workers in one laboratory observed changes in kinetic parameters for peptide uptake concomitant with a change in the size and shape of the incubation vessels [ 1071.
Conclusions
The conclusions are as follows.
1. Kinetic analysis is a valuable tool for characterization of transport mechanisms and especially for detecting heterogeneity in transport systems. However, great caution must be exercised in extrapolation from mathematical models to physiological mechanisms.
2. Non-linear regression, both by least-squares and non-parametric methods, is available for fitting the equations typically encountered in kinetic analysis. These are versatile and greatly preferable to linearized plots fitted by leastsquares, and more use should be made of them.
3. Parametric methods, including least-squares ones, require correct data-weighting based on the known error structure of the data.
4. Curve-fitting should always be accompanied by objective tests for goodness of fit. The possibility that alternative models may fit the data equally well should be seriously considered, and conformity to classical Michaelis-Menten kinetics must not be assumed.
5.
Where possible, experimental designs should be chosen carefully (and modified on the basis of trial experiments if necessary) to obtain precise and accurate parameters and to discriminate between alternative models.
6. Unstirred water layers can invalidate kinetic analysis unless they are minimized experimentally or allowed for mathematically. 
